This paper presents a methodology for analyzing the multiaxial loads acting on a steering knuckle under operating conditions. The knuckle is a critical structural part which connects the wheel in a car to the steering and suspension system. Computeraided modeling and analysis were carried out on the knuckle, and the results were compared for conventional and metal matrix composites (MMC) with ANSYS software. The simulation showed that the steering-arm region failed under cyclic load conditions. Accordingly, the knuckle was optimized with a genetic algorithm and a modified design was proposed. Steering knuckles were fabricated from three different materials: ductile iron, LM 6 alloy and MMC with a modified design were experimentally tested in the steering-arm region to evaluate the fatigue life. Simulation results showed that the fatigue life of the MMC knuckle was 1.946E+06 fatigue cycles after optimization whereas experimental results showed 1.20E+06 cycles. Knuckle weight reduction of 60% was achieved by replacing ductile iron with MMC. Hence it is recommended to use MMC steering knuckles in automobiles.
INTRODUCTION
Metal matrix composites (MMC) have the potential to meet the design requirements of the automobile industry with significant weight saving and a high strength-to-weight ratio [1] [2] [3] . Recent developments in aluminum-based MMC make it the ideal candidate to replace heavier materials like iron and steel in the car for weight reduction [4] . The suspension of modern vehicles needs to satisfy a number of requirements such as loading, driving condition and type of road surface. The steering knuckle is one of the main components used in the McPherson suspension system (Figure 1 ) in automobiles subjected to millions of varying stress cycles during their life [5] . This demands the thorough study and understanding of the behavior of the steering knuckle under operating conditions. Multi-body simulation was used to calculate the load time history regarding the connection points of the knuckle on the suspension system [6] . Performances of forged steel and cast aluminum knuckles were studied in the light of their manufacturing processes [7] .The results showed forged components have better resistance to cyclic load. Fatigue life evaluation of a structure under multiaxial load condition relies on stress-strain distribution [8] [9] [10] [11] [12] . Real-time fracture characteristics of a ductile iron knuckle were studied by Triantafyllidis et al. [13] . They found that the steering-arm portion undergoes repeated bending loads during the vehicle's movement, and it leads to failure because of bending fatigue condition. MMC with ceramic TiC reinforcing particles show good mechanical strength, Vijayarangan et al. proved through simulations and experiments that composite knuckles could safely replace spheroidal graphite iron [14] . Sivananth et al. studied the effect of titanium carbide particulates in aluminum matrix and reported that the fatigue and impact behavior improved compared with conventional materials [7] . Geometry and size optimization of steering knuckles reduce the production cost and decrease the weight, as shown by Jahala [15] . The fatigue life of the knuckle was determined with a reliability-based design optimization approach [16] .The present study identifies the failure region of the knuckle under operating conditions and optimizes the same for three materials: SG iron, LM 6 alloy and MMC. After optimization, the fatigue life of the knuckle is compared by means of finite element analysis and experimental testing.
MULTIAXIAL LOAD ANALYSIS
A steering knuckle located in a McPherson suspension system was attached to a strut tube at the top and the lower arm was placed at the bottom tie-rod on the side, as shown in Figure 1 . The directions of forces acting on it varied with load cases and the vehicle specification. Dimensions and load cases for the analysis of knuckles were bought from M/s. Sakthi Auto Components Ltd, India, a leading manufacturer. The present study considered three important driving load cases of a passenger car: acceleration, braking and cornering. Analysis showed that in each load case 12 force components simultaneously delivered a load to the knuckle in different directions. The details of multiaxial loads obtained from vehicle manufacturers are shown in Table 1 . 
Modeling and Analysis of Knuckle
The dimensions used to create the knuckle model were taken from a passenger car. The knuckle shown in Figure 2 (a) was developed with NX CAD software. A finite-element model was created with the preprocessing tool Hypermesh 12. The model was divided into 70,526 elements and 1, 15,042 nodes. The effects of load on the knuckle during cornering, acceleration and braking were analyzed and discussed. Statistical analysis was performed with ANSYS software. The loads shown in Table 1 were applied in the model as shown in Figure 2 (b). The material properties shown in Table 2 were taken from the experimental work reported by Sivananth et al. [7] . 
Simulation of Uniaxial Load: Fatigue Analysis
The uniaxial force required to create a bending load on the steering arm region was calculated as follows for a passenger car. The total weight of the passenger car considered for this study was 1166 kg. The weight distribution ratio between the front and rear axle as was taken as 60: 40. Therefore, the force acting on each wheel in the front axle was 3500 N. Figure 3 (a) shows the steering torque direction acting on the ball joint of the knuckle to steer one wheel. With a friction coefficient of 0.8 for a dry road surface, 2.8 kN force was required to steer one wheel to overcome the frictional force (F f ), as shown in Figure 3 (a). Steering-arm fatigue analysis was carried out with the stress life approach in ANSYS software to determine the fatigue life and damage of the knuckle under the 2.8 kN cyclic load. The statistical analysis results showed the von Mises stress of the knuckle was critical in the steering-arm region and led to failure. Therefore, fatigue analysis was performed by applying force and boundary conditions as shown in Figure 3 (b). To determine fatigue life and damage, the design life of 1E+06 cycles was fixed as reference in this study. 
OPTIMIZATION OF KNUCKLE IN STEERING-ARM REGION
Optimization is a technique for finding an optimal solution for the objective function under given constraints. The fatigue analysis showed that the steering-arm portion of the knuckle failed when it experienced cyclic load as shown in Figure 4 (a). treated as a cantilever beam for optimization and load was applied at the free end as shown in Figure 4 (b-c). The genetic algorithm (GA) is a method for solving both constrained and unconstrained optimization problems that are based on natural selection, the process that drives biological evolution [13] . Hence it was safe to optimize the cross-section of the knuckle at that region with cantilever approximation. In this study, a tailor-made code was developed from MATLAB to solve Eqs. (1-6) with a GA. The objective function shown in Eqs. (1) and (2) represents the fitness function to be optimized. To minimize the stress and deflection for 2.8 kN force, the constraints were formulated. During optimization, the maximum and minimum limits shown in Eqs. (3-4) of the beam cross-section are significant in terms of obtaining a solution. The weight of the cantilever beam varies depending on the following parameters: dimension, mass and density. The length of the beam was taken from the knuckle design as 80 mm and mass of the beam not more than 20% of the existing one to formulate in Eqs. (5) (6) . This made the process more effective without increasing the weight while approaching the optimized solution. The moment of inertia of the beam with the existing cross-section was taken as a mass constraint to ensure the obtained dimensions were always greater than the existing ones. Objective Function 
FABRICATION AND TESTING OF STEERING KNUCKLE
Steering knuckles made of ductile iron, LM 6 alloy and MMC were fabricated by the casting method. LM 6 aluminum alloy was used as a matrix with 15 wt. % titanium carbide particulates as reinforcement to fabricate an MMC knuckle. To make a pattern to cast the knuckle, dimensional details of the steering knuckle were taken from a passenger car which was fitted with a McPherson suspension system. The wheel movement of the car was controlled through a ball joint which connected the knuckle and tie-rod when force was applied on the steering wheel. A hydraulic actuator supplied by Instron Structural Systems, Germany was used in this work for testing. A fixture set up as shown in Figure 5 was used to simulate the load transfer of a real case. The fixture accommodated the knuckle in such a way that the steering arm portion could be tested for fatigue life. The actuator used for testing could produce a minimum force of 0. 
RESULTS AND DISCUSSION

Optimization Results
The performances of the knuckle simulated in the ANSYS environment are compared in Figure 6 . In this study of the braking load case, the von Mises stress developed in the knuckle was 78.79 MPa in 1.1g braking, the highest found. The stress developed in the knuckle was 26.53 MPa and 34.8 MPa for acceleration and cornering. The stress obtained for the considered material compared with yield strength listed in Table 3 showed that the stress values were well below the yield limit. The red-colored stress shown in Figure 7 indicates that the steering-arm portion of the knuckle is sensitive and it required more study when a cyclic load was applied. Table 3 shows that before optimization the existing cross-section of (25×29.2) of an MMC beam with 15% reinforcement experiences a bending stress of 131.5 N/mm 2 and 0.258 mm deflection for a load of 2.8 kN. After optimization, the results indicated that the MMC cantilever beam requires a cross-section of (30×31) under the same load. The steering-arm portion could deflect 0.13 mm to produce a maximum of 83.05N/mm 2 bending stress. In Table 4 , the bending stress and deflection are reduced by the optimization process for the considered materials. The optimized cross-section was implemented in the knuckle steering-arm region to improve the strength of the knuckle. The details are shown in Figure 8 . 
Fatigue Analysis
Fatigue life comparison for the three materials before and after optimization is shown in Figure 9 . The results show that the fatigue life of the MMC knuckles survived a minimum of 0.989×10 6 cycles and a maximum of 1.65×10 6 cycles before optimization. In Figure 9 , after the optimization, the life period of the MMC knuckles has increased and varies from 1.16×10 6 cycles to 1.95×10 6 cycles. For ductile iron and LM 6 aluminum alloy, the life is shorter than the MMC, in agreement with the published literature [9] . The contour plot for 15% reinforced TiC MMC before optimization is shown in Figure 10 (a). It shows that the knuckle life is a minimum 1.65×10 6 cycles in the steering-arm region and a maximum 1.2×10 7 cycles for other portions of the knuckle. For the MMC knuckle with 15% TiC, the obtained life of 1.95×10 6 is shown in Figure 10 (b). The knuckle can survive a minimum of 110 6 cycles to achieve the required life. This is possible only when the damage value is not more than one. Figure 11 shows damage value of less than one for 12%TiC and 15% TiC reinforcement knuckles. The other materials, ductile iron, LM 6 matrix alloy and 10% TiC MMC, failed. The damage comparison presented in Figure 11 suggests that except for the LM6 matrix alloy the damage values for all the materials were less than one after optimization. A damage contour plot for 15% TiC MMC before optimization is shown in Figure 12 (a) and indicates that the crack initiation spot was present on the edge and increased the damage. This is in agreement with the findings of Triantafyllidis et al. [7] . However, post optimization the location changed from the edge to the surface, as shown is Figure 12 
Experimental Fatigue Results
The fabricated composite knuckle with 15 wt. % TiC withstands a 2.8 kN load up to 1.2×10 6 cycles without any failure, and the details are summarized in Table 5 . The fatigue strength of the LM 6 alloy without reinforcement is only 5.36×10 5 cycles at 2.8 kN. This is owed to the absence of a strong crack-arresting mechanism in LM6 alloy which resists crack development during cyclic loading [7] . Therefore, the stress concentration increases and reduces the fatigue performance of the LM 6 aluminum alloy. Furthermore, if its primary silicon particles have a coarse morphology, it can resist the slip and dislocation of the mechanism only, to a certain extent, and then it becomes cracked and reduces the life of the knuckle. This could be the reason for the lower load-bearing capacity of the LM 6 alloy knuckle compared with the MMC knuckle [14] .The ductile iron knuckle experiences 9.37×10 6 fatigue cycles before it fails because of brittle transition. The spheroidal graphite nodules present in it rupture and connect the crack propagation [13] . This reduces the fatigue life compared with the MMC knuckle. Weight reduction of 60% for the same model is shown in Table 6 . This could make the suspension system more easily follow the road undulations. The weight reduction of 60% achieved in this study is much higher than that achieved by geometry optimization alone, which was only 12% [8] . 
CONCLUSIONS
The multiaxial force acting on the suspension component knuckle was analyzed for three load cases. To study the effect of forces, a finite-element model of knuckle geometry was developed and analyzed for three materials: MMC, LM6 alloy and ductile iron. Further, the knuckle was optimized in the steering-arm region to improve the fatigue life. The results of multiaxial forces obtained for three load cases of cornering, acceleration and braking indicated that the magnitude of the force developed during braking is the largest one. A finite-element model was developed for the steering knuckle and three materials (MMC, LM6 alloy and ductile iron) were analyzed. It was found that the steering-arm region the critical area under cyclic load conditions. The failure region of the knuckle was optimized under operating load conditions and fatigue life increased. Experimental results show that titanium carbide-reinforced composite material could be a better material for knuckles than ductile iron and LM6 alloy.
